Multiple system atrophy (MSA) is a progressive neurodegenerative disorder characterized by oligodendrocytic cytoplasmic inclusions containing abnormally aggregated a-synuclein. This aggregation has been linked to the neurodegeneration observed in MSA. Current MSA treatments are aimed at controlling symptoms rather than tackling the underlying cause of neurodegeneration. This study investigates the ability of the antibiotic rifampicin to reduce a-synuclein aggregation and the associated neurodegeneration in a transgenic mouse model of MSA. We report a reduction in monomeric and oligomeric a-synuclein and a reduction in phosphorylated a-synuclein (S129) upon rifampicin treatment. This reduction in a-synuclein aggregation was accompanied by reduced neurodegeneration. On the basis of its anti-aggregenic properties, we conclude that rifampicin may have therapeutic potential for MSA.
Introduction
Multiple system atrophy (MSA) is a sporadic, progressive, neurodegenerative disease with an estimated 25 000-100 000 Americans currently diagnosed with the disorder, it is characterized by clinical symptoms that can be subdivided into motor and autonomic categories. Motor abnormalities such as akinesia, ridigidy and postural instability, are classed as either Parkinsonian-type (MSA-P) or cerebellar (MSA-C) and reflect damage to the basal ganglia (striatonigral degeneration) or cerebellum (olivo-pontocerebellar atrophy), respectively. About 80% of MSA cases are categorized as MSA-P, whereas the remaining 20% are classified as MSA-C. Autonomic symptoms of MSA include orthostatic hypotension, increased sweating and loss of bowel and/or bladder control and reflect damage to the autonomic nervous system. In addition to motor and autonomic symptoms, MSA patients develop behavioral alterations such as attention deficits that suggest frontal lobe impairment in MSA [1, 2] .
Neuropathologically, MSA is characterized by glial cytoplasmic inclusions of abnormally aggregated a-synuclein (a-syn) [2] . Immunohistochemical analysis of the inclusions shows that they stain with antibodies to a variety of proteins in addition to a-syn including ubiquitin, tubulin, synphilin-1, and DJ-1 [2] . Although glial cytoplasmic inclusions are the primary neuropathological hallmark of MSA, neuronal cytoplasmic and nuclear inclusions of a-syn have also been reported. Neuronal loss occurs in the striatum, cerebellum, brainstem and cortex, and is accompanied by astrogliosis, microgliosis and myelin loss [2, 3] . Current treatments for MSA patients are aimed at controlling their symptoms, as yet there are no treatments that halt or reverse the disease progression itself.
Many lines of evidence highlight the pathological importance of a-syn aggregation, both in vitro [4] and in Parkinson's disease [5] . Although the mechanisms that lead to this aggregation remain to be determined, factors including mitochondrial dysfunction [6] and oxidative stress [7] have been implicated. Disease progression is thought to be causally linked to accumulation and aggregation of a-syn and much effort has gone into devising strategies to combat this accumulation and aggregation [8] . The majority of work has been conducted in relation to the neuronal a-syn aggregation characteristic of Parkinson's disease, whereas little has focused on mechanisms underlying the oligodendroglial aggregation seen in MSA.
Recent studies with rifampicin, a common antibiotic treatment for tuberculosis and leprosy, have highlighted its ability to inhibit a-syn aggregation and disaggregate preformed fibrils in vitro [9, 10] . In this context, this study sought to examine the possible beneficial effects of rifampicin in transgenic (tg) mice expressing human a-syn under the myelin basic protein (MBP) promoter. These MBP-a-syn tg mice have been shown to exhibit the oligodendroglial aggregates of a-syn and motor deficits characteristic of MSA [11] .
Materials and methods
Generation of myelin basic protein-a-syn tg mice Mice expressing human a-syn under the control of the MBP promoter were generated as described [11] . Genomic DNA was extracted from tail biopsies and analyzed by PCR amplification as described [12] . These mice have previously been shown to develop a-syn inclusions in oligodendrocytes from 3 months of age and to display neuropathology including myelin loss and astrogliosis and are proposed to be a model for MSA [11] . Mice used for this study were an average of 12 months old upon onset of rifampicin (or saline) treatment.
Rifampicin treatment
Thirty-four mice were used for this study and received daily intraperitoneal injections with either 25 mg/kg rifampicin (MBP-a-syn tg mice, n¼10 and non-tg mice n¼8) or saline (MBP-a-syn tg mice, n¼8 and non-tg mice n¼8) daily for 3 months. The rifampicin dose used in this study was based on published literature examining brain bioavailability after peripheral administration of rifampicin [13] [14] [15] .
Tissue processing
Following NIH guidelines for the humane treatment of animals, under anesthesia mice were sacrificed and brains removed. The right hemibrain was immersion-fixed in 4% paraformaldehyde in pH 7.4 phosphate-buffered saline and serially sectioned at 40 mm with a Vibratome (Leica, Deerfield, Illinois, USA). The left hemibrain was kept at À801C for biochemical analysis.
Immunohistochemistry
Forty micromolar vibratome sections were immunolabeled overnight with antibodies against a-syn using monoclonal (1 : 1000, BD Biosciences, San Jose, California, USA) or polyclonal (1 : 1000, Chemicon, Temecula, California, USA) antibodies, phosphorylated a-syn (1 : 1000, Millipore), nitrosylated a-syn (1 : 1000, Millipore), the dendritic marker, microtubule-associated protein-2 (MAP2; 1 : 1000, mouse monoclonal; Chemicon), the neuronal marker NeuN (1 : 1000, Chemicon) and the astroglial marker glial fibrillary acidic protein (GFAP), followed by incubation with speciesappropriate secondary antibodies (1 : 2000, Vector Laboratories). Sections were transferred to SuperFrost slides (Fisher Scientific, California, USA) and mounted with antifading media (Vector Laboratories). The immunolabeled blind-coded sections were analyzed with the laser scanning confocal microscope (MRC1024, BioRad) to evaluate the area of the neuropil covered by MAP2 immunoreactive dendrites and the number of a-syn immunoreactive oligodendrocytes. Stereological analysis was also conducted, as previously described [16] to examine the neuronal density as evidenced by NeuN immunoreactivity and astrogliosis as determined by GFAP immunoreactivity.
Western blot analysis
Protein levels of total a-syn, phosphorylated a-syn (S129), nitrosylated a-syn and b-syn were determined by immunoblot analysis. Briefly, tissue was processed to obtain the detergent-insoluble fraction as previously described [11] , 20 mg of total protein per mouse were loaded onto 10% Bis-Tris (Invitrogen) SDS-PAGE gels, transferred onto Immobilon membranes, incubated with antibodies against a-syn (1 : 1000, Chemicon), phosphorylated a-syn (S129) (1 : 1000, Millipore), nitrosylated a-syn (1 : 1000, Millipore) and b-syn (1 : 1000, Chemicon). After overnight incubation with primary antibodies, membranes were incubated in appropriate secondary antibodies, reacted with ECL, and developed on a VersaDoc gel-imaging machine (Bio-Rad, Hercules, CA). Anti-b-actin (1 : 1000, Sigma) antibody was used to confirm equal loading.
Statistical methods
Differences between groups were tested using one and two factor analysis of variance (ANOVA) with Fisher PLSD posthoc tests. All the results are expressed as mean7SEM.
Results
Rifampicin reduced a-synuclein accumulation in myelin basic protein-a-syn tg mice Consistent with previous studies, vehicle-treated MBPa-syn tg mice displayed abundant inclusions immunoreactive for a-syn ( Fig. 1a) , phosphorylated a-syn ( Fig. 1d ) and nitrosylated a-syn ( Fig. 1g ). Rifampicin-treated MBP-a-syn tg mice displayed significantly reduced a-syn, phosphorylated a-syn and nitrosylated a-syn immunoreactivity in comparison to vehicle-treated MBP-a-syn tg mice (Fig. 1b , e and h-analyzed in c, f, i and l, respectively).
In line with immunohistochemical results, western blot analysis revealed a significant increase in both monomeric and oligomeric forms of a-syn, phosphorylated a-syn (S129) and nitrosylated a-syn in vehicle-treated MBP-a-syn tg mice in comparison to non-tg controls ( Fig. 2a ). Rifampicintreated MBP-a-syn tg mice displayed significantly lower levels of monomeric and oligomeric forms of a-syn, phosphorylated a-syn (S129) and nitrosylated a-syn immunoreactivity in comparison to vehicle-treated MBP-a-syn tg mice ( Fig. 2a , analyzed in b, c, d and e respectively). No differences in b-syn immunoreactivity were evident ( Fig. 2a ).
Rifampicin reduced neurodegeneration in myelin basic protein-a-syn tg mice
In order to evaluate whether the ability of rifampicin to reduce a-syn aggregation led to an amelioration of the neuropathological alterations previously reported in MBPa-syn tg mice [11] , dendritic complexity, evidenced by MAP2 immunoreactivity, neuronal number, determined by NeuN immunoreactivity and astrogliosis as determined by GFAP immunoreactivity were analyzed.
Consistent with earlier studies, analysis of neuropil area revealed a significant decrease in MAP2 immunoreactivity in vehicle-treated MBP-a-syn tg mice in comparison to vehicle-treated non-tg controls (Fig. 3a, b and d, e at higher magnification). Stereological analysis of neuronal number revealed a significant decrease in NeuN immunoreactivity in vehicle-treated MBP-a-syn tg mice in comparison to vehicle-treated non-tg controls ( Fig. 3h and i). GFAP was significantly increased immunoreactivity in vehicle-treated MBP-a-syn tg mice in comparison with vehicle-treated nontg controls Fig. 3l and m) .
Rifampicin ameliorated the loss of dendritic complexity, with the area of the MAP2-immunoreactive neuropil being comparable between rifampicin-treated MBP-a-syn tg mice and vehicle-treated non-tg controls (Fig. 3c , f and analyzed in g). Rifampicin also ameliorated neuronal loss with increased NeuN immunoreactivity levels being evident in rifampicin-treated MBP-a-syn tg mice in comparison to vehicle-treated MBP-a-syn tg mice, levels of NeuN immunoreactivity in rifampicin-treated MBP-a-syn tg mice were comparable with those seen in non-tg controls ( Fig. 3j and analyzed in k). Rifampicin of MBP-a-syn tg mice also resulted in significantly lower levels of GFAP immunoreactivity in comparison with vehicle-treated MBP-a-syn tg mice ( Fig. 3n and analyzed in o) .
Discussion
This study sought to investigate possible beneficial effects of the antibiotic rifampicin in the MBP-a-syn tg model of MSA. We demonstrated that rifampicin was able to reduce a-syn aggregation in MBP-a-syn tg mice, this was accompanied by reduced neurodegeneration, reflected by a restoration of dendritic complexity as evidenced by MAP2 immunoreactivity, neuronal number as evidenced by NeuN immunoreactivity and a reduction in astrogliosis as evidenced by the astrocytic marker GFAP. In addition to displaying reduced levels of total a-syn, rifampicin-treated MBP-a-syn tg mice also displayed reduced phosphorylated a-syn (S129) immunoreactivity in comparison with vehicle-treated MBPa-syn tg mice. The serine-129 phosphoepitope has been shown to be pathogenically important [17] and reduction in the immunoreactivity for phosphorylated a-syn in the rifampicin-treated mice may suggest a possible mechanism by which rifampicin exerts its neuroprotective effect.
The mechanisms by which rifampicin reduces a-syn aggregation are under investigation, rifampicin is one of a growing list of compounds including curcumin and current treatments for Parkinson's disease such as selegiline, dopamine, and bromocriptine, which are reported to inhibit the formation of a-syn fibrils and destabilize preformed fibrils [9, 10, 18] . The exact mechanisms by which aggregation of a-syn leads to neurodegeneration remain unclear, however, it is becoming increasing apparent that agents that reduce or reverse the aggregation process are neuroprotective [8, 10, 18] . We propose that the antifibrillogenic and fibril-destabilizing actions of rifampicin play a key role in its ability to reduce neurodegeneration in the MBP-a-syn tg mice. Alpha-syn aggregation has been linked to oxidative stress with antioxidant compounds having been shown to exert beneficial effects in vitro [10] . In this context, it is interesting to note that treatment with rifampicin, which has itself been reported to have antioxidant properties, led to decreased nitrosylated a-syn immunoreactivity, in comparison with vehicle-treated MBP-a-syn tg mice. Rifampicin has long been a component of the treatment for leprosy and as such there is a wealth of evidence regarding its therapeutic tolerance. Studies have also shown that rifampicin can cross the blood-brain barrier, though CSF levels are much lower than those found in the plasma [13] [14] [15] . In this study we administered rifampicin intraperitoneally and demonstrate an effect in the brain, indicating that regardless of issues with bioavailability, sufficient levels of rifampicin can cross the blood-brain barrier to have a beneficial effect.
Conclusion
This study presents the first in-vivo evidence that rifampicin is capable of reducing monomeric, oligomeric, and phosphorylated a-syn accumulation and of ameliorating the neuronal loss, reduction of dendritic complexity and increased astrogliosis associated with increased expression of a-syn. We demonstrate the beneficial effects of rifampicin on the neuropathology associated with a-syn aggregation, it would be interesting to expand this and assess its effects on clinical symptoms. Results from this study indicate that rifampicin may have potential being used to treat disorders which are characterized by a-syn accumulation, such as MSA, and unlike current treatments, may go some way toward treating the underlying cause. 
